Introduction
Due to ever increasing demands for cleaner energy sources and government funding incentives, wind energy generation is constantly growing up, intercepting a significant percentage of electrical demand worldwide. Predictions show that the global electric wind capacity will increase with an annual average growth of 20.9% [1] .
Among the different wind turbine layouts and technologies, the market is nowadays dominated by huge three-bladed upwind Horizontal Axis Wind Turbines (HAWTs) provided with gearbox and asynchronous generators. On the other hand, small Vertical Axis Wind Turbines have gained more and more interest for their excellent adaptability to the urban environment in terms of visual impact and noise pollution [2] .
The main differences between VAWTs and HAWTs is that in VAWTs the main rotor shaft is set vertically and they are characterized to be robust, quiet, omnidirectional, and they do not induce much stress as in the HAVT on the support structure [3] . Moreover, VAVTs can be placed very close one to each other in wind farms, allowing a more efficient use of available space. This is due not only because VAWTs are smaller than HAWTs but rather because of the slowing effect that HAWTs exhibit on the air, forcing designers to separate them ten times their width.
Although VAWTs are not as efficient as HAWTs and dynamic stability problems can occur, they offer improved performances at lower wind speeds because of their very low starting torque if compared to traditional HAWTs [4] .
Among the main benefits, a lower revolution velocity at higher wind speeds can be observed, resulting in a quieter turbine, suitable for residential environments. Furthermore, VAWTs are safer and easier to build and they can be assembled closer to the ground since vertical turbine handles turbulence much better than the horizontal one.
The Major drawbacks are the tendency to stall under gusty winds, the small torque that can be produced in each revolution and the huge bending moments that arise on the blades. Moreover, the blades are also very prone to fatigue issue ( [5] , [6] ).
There are basically two different categories of VAWTs, the Savonius and the Darrieus layout. The Savonius type is known as a drag-type wind turbine characterized by a very simple structure and, because of its operational independency from the wind direction, it represents one of the most aged vertical axis turbine layout able to convert the wind energy into mechanical one ( [7] , [8] )].
On the other hand a Darrieus type VAWT generates the torque by means of the aerodynamic forces that arise on the blades due to the wind. More particularly the rotation of the turbine generates a head wind that combines with the actual wind forming the apparent wind. If the angle of attack of the apparent wind on the blade is larger than zero, the lift force has a forward component on the blades that allows to propel the turbine.
In spite of the structural simplicity of Darrieus type wind turbine, the understanding of the their mechanical behaviour is mandatory in order to reduce the overall weight of the structure, to avoid resonance and other dynamical issues. Thus, numerical and experimental studies have been performed to characterise the structural behaviour of Darrieus VAWTs ( [9] - [12] ).
On the aforementioned basis, in this paper a comparison between the structural behaviour of two Darrieus type VAWT configurations is presented. The first layout is represented by a commercial wind generator made up by three NACA airfoil section straight blades manufactured in aluminium alloy and steel. The second configuration is represented by a composite prototype of Darrieus VAWT made-up by three composite helical blades, whose final geometry stems from a CFD investigation performed by the authors [13] , and manufactured at the University of Enna "Kore".
Numerical structural analyses are performed by means of FE models obtained by using ANSYS ® Mechanical TM software package. Furthermore, dynamic experimental tests are carried out on the real scale specimens for both the two wind generator configurations in order to find their dynamic responses in terms of natural frequencies and modal shapes. The results of the experimental campaign are then used to update the numerical models by minimizing an objective function based on the differences between numerical and experimental results. The updated FE models have allowed to compare the mechanical behaviour of the two different configurations in terms of stresses and deformations. The structural improvements coming from the use of composite material for the helical configuration are then pointed out.
Geometry of the tested blades and FE Models
The aim of this section is to describe the geometry and the FE model of the two Darrieus VAWT configurations. At first, the geometry of the straight blade configuration is presented as well as the material used and the FE model. Then the helical blade configuration is described highlighting for both configurations how the constraints, loadings and interface conditions are modeled by means of ANSYS ® Mechanical TM software package.
Geometry and FE model of the straight blade configuration
The straight blades configuration is characterized by a blade with two cylindrical aluminium spars As shown in Figure 1 , the straight blade configuration is made up by different components assembled one to each other by means of different contact conditions. Thus, the main issue related to the FE model was the identification of the contact regions and the proper modelling of the interface conditions. As deeply described in the following sections, the uncertainty related to the interface modelling has required the model updating and has drawn the choice of the parameters in the updated model. In the following the interface conditions, used to model the assembling of the straight blade components, are briefly summarized in the following and shown in details in Figure   2 : 
Geometry and FE model of helical blades configuration
The geometry and the main components of the helical blade configuration is shown in Figure 3 . The final assembling is obtained by using the same blade supports and the same rotor as for the straight configuration while the helical blade is made up in composite material, whose material properties and layout will be defined in the following. As shown in Figure 3 , the assembling between the helical blade and the blade supports has been obtained by rotating one of the support of an angle α = 35°. The airfoil used for the helical blade is the NACA 0021, the same as for the straight blade, and it is characterized by the same chord length as for the straight configuration. As pointed out in Figure 3 , the overall blade span of the helical configuration is the same as for the straight one. The mesh used to model the helical configuration is obtained by both tetrahedral and shell elements.
In fact, 17408 tetrahedral and 2870 shell finite elements are used to obtain the FE model and the discretization of the helical blade configuration differs from the straight one only for the mesh used to model the blade. More particularly, the rotor, the steel barrels and the blade supports are modelled by using the same mesh as for the straight blade turbine while the blade itself is modelled by using 2860 shell elements and 2919 nodes for the composite skin and 4399 tetrahedral elements and 22942 nodes for the blade core.
Also the contact regions for the helical blade configuration are the same as for the straight one with the only exception for the interface between the composite skin and the core that is modeled as perfectly bonded region.
Models constraints and loadings
Aiming at characterising and comparing the mechanical behaviour of the two Vertical Axis Wind Turbine, the actual loads arising from an angular velocity ω = 31 rad/s are considered. This rotational velocity corresponds to the maximum operative condition certified for the commercial straight blade Darrieus wind turbine.
Thus, in order to simulate the inertial loads associated to the turbine rotation and to the weight of the structures, the following constraint and boundary conditions are applied to the structures.
Cylindrical constraints are applied on the inner cylindrical surface of the rotor as shown in Figure 5 . All the three components, radial, tangential and axial, are set to fixed condition. Moreover the acceleration of gravity is imposed along the z-axis and a rotational velocity with magnitude 31rad/s is set around the z-axis aiming to simulate that the whole model spins about the rotor axis at the given rate. All the boundary conditions and loading are shown in Figure 5 .
Numerical and experimental modal analysis
This section discusses the modal analyses performed both numerically and experimentally on the More particularly, the first subsection presents the responses in the frequency domain obtained numerically by means of the Finite Element models described before, while the second subsection describes, firstly, the experimental setup for both configurations and, then, the experimental results obtained in the frequency domain.
Numerical Modal results
Aiming at evaluating the modal responses, the two different blades are modelled with the same mesh used for the static structural analysis with the only exception that in the modal analysis the rotor structure has been removed. Thus, in order to restore the proper connection between the blade supports and the generator, since it is possible to assume that the stiffness of the rotor is much higher than that of the wing's assembly, clamped constraints are applied at the blade supports end side, actually connected to the rotor.
In Table 1 the first three natural frequencies obtained for the two blade configurations are listed. This results show that the modal frequencies related to the helical configuration are higher than the straight configuration, thus highlighting the stiffer behaviour introduced by the use of composite materials. Moreover this behaviour increases the gap between the first natural frequency and operative frequency range of the turbine that spans the interval 0 ÷ 5 Hz.
Experimental Modal setup and results
This subsection shows the setup and the results obtained from experimental modal tests conducted on both straight blade and helical blade turbine configurations.
The experimental campaign has been performed at the Experimental Dynamic Laboratory of the University of Enna "Kore" in order to find the real natural frequencies of the blades, the correspondent modal shapes and thus to set the basis for the FE model updating.
The experimental setups are schematically described in Figure 6 and Figure for the sake of completeness in Table 2 and shown in Figure 6 and Figure 8 . corresponding to Hammer test 1, are shown for each accelerometer in Figure 7 in terms of amplitude and phase in the frequency domain. Figure 9 shows the results for the helical blade corresponding to Hammer test 2.
The obtained first three natural frequencies for both blade configurations are listed in Table 3 .
Experimental results are then used as a reference for the updating of the numerical FE models, as deeply discussed in the following section. Figure 9 . FRF related to the helical blade configuration 
Model updating
In this section a comparison between the numerical results and the experimental test is performed.
Namely, the values of the first three natural frequencies obtained by experimental results are compared with the correspondent ones obtained by numerical analyses. As described in section 2, the FE modelling of the blade supports and of the straight metallic blade has involved lots of interfaces between the different components, deeply characterized by uncertainties in the accurate modelling of the contact conditions. On the other hand, the composite blade design, modelling and manufacturing has been properly addressed, since very accurate material properties were available as well the bonding interface conditions between the blade skin and the core. On the aforementioned basis, in this paper the differences between the numerical model and the experimental one have been ascribed only to the mechanical properties of the metallic components, i.e. the steel and aluminium components, and thus the modal updating has been performed by considering as updating parameters the Young's moduli of steel and aluminium [15] - [20] . In order to correctly evaluate the elasticity modulus that would give the updated finite-element model, the objective function reported in eq. (1) is then minimized. The objective function measures the distance between modal frequencies computed by experimental tests and finite-element-model [19] .
The comparison between the three frequencies obtained by numerical analyses and the ones obtained by experimental tests [21] are reported, together with the corresponding value of J, in Table 4 and Table 5 for the straight blade and for the helical blade, respectively. As expected, the model frequencies are quite different from the experimental ones, resulting in percentage errors of the order of 20% for both cases. This can be explained because the Young's moduli of the material used in the FEM model have been chosen to be equal to standard literature ones. Table 6 and the natural frequencies of the models have been computed together with the value of the objective function J [22] .
The different values of J, calculated by the parametric modal simulation, have been analysed by means of a two dimensional cubic interpolation. Figure 10 and the Figure 11 show the trend of the J function for the straight blade and helical blade respectively after the interpolation procedure.
The values of the Young modules of the aluminium and steel which minimize the objective function in eq. (1) in the case of straight blade have been evaluated as E steel = 158 GPa and E alum = 57.8 GPa. Figure 10 reports the miminum point and in Table 4 the updated frequencies, along with the percentage error and the minimum value of the objective function are reported. In the case of helical blades the Young moduli which correspond to the minimum value of the objective function are E steel = 148 GPa, E alum = 55.5 GPa, as depicted in Figure 11 . Table 5 reports the updated frequencies, along with the percentage error and the minimum value of the objective function.
In order to asses that the numerical natural frequencies obtained after the updating procedures are associated to the same modes coming from experimental analyses, a comparison between the modal shapes obtained numerically and experimentally, for both the straight and helical blade configurations, is provided. Thus, in Figure  12 and Figure 13 the numerical modal shapes are firstly plotted for the first three natural frequencies for the straight and helical blades respectively. In order to highlight the nature of the modal shapes, the undeformed configuration is reported in dashed lines. It is possible to observe that the first mode is pure bending in the y-z plane for both straight and helical configuration. Mode 2, instead, points out a coupling between a bending, in the x-y plane, and twisting mode, around the y axis, while the third natural frequency is associated to a pure twisting mode around the y-axis.
Lastly in Table 7 and 
Static Structural behaviour and comparison
The model updating, performed by choosing as parameters the Young's moduli of steel and aluminium components, allowed to adjust the material properties in the Finite Element models and to perform the static structural analyses for comparison between the two configurations analysed.
The Von Mises equivalent stress distribution for the straight blade is shown in Figure 14 . It is possible to point out that the main stresses arise at the connection between the steel barrels and the rotors and between the steel barrels and the aluminium cylindrical spars of the blade. More particularly the maximum stress is reached at the contact point between the front steel barrel and the front spar, as shown in Figure 14 . As expected the main loads are related to inertia force due to rotation and that the weight of the blade influences the mechanical behaviour of the whole structure.
The Von Mises equivalent stress distribution for the helical blade configuration is, instead, shown in Figure 15 . It is possible to observe that, by considering for the helical blade the same rotational velocity as for the straight one, the maximum stress reduce from σ max = 114 MPa, obtained for the straight blade, to σ max = 36 MPa. Thus a reduction of weight from the straight blade to the helical one of about 75% leads to a maximum stress reduction of about 70%. Moreover it is evidenced, for the helical configuration, very low stress in the bonding surfaces between the blade support and the blade itself. For the sake of completeness, the deformed shapes for both configurations are shown in Figure 16 , plotted with a magnification factor equal to 150. The maximum value obtained for the helical blade, although higher than the one obtained for the straight one, evidence a very stiff behaviour of the composite configuration used for the new turbine configuration that allowed to massively reduce the weight of the structure and stresses with an irrelevant increasing in the total deformation.
Conclusions
Numerical The results have been used for the Finite Element model updating. The updated Finite Element model has been thus used for the static analyses performed at a loading condition corresponding to the maximum angular velocity that the blade can experience. The structural analysis has pointed out that the Hybrid helical blade, designed and manufactured at the University of Enna "Kore", has allowed, if compared to the metallic straight blade, a weight reduction of about 75% and an huge reduction of the Von Mises stress acting on the structure, without affecting the overall stiffness of the assembled generator.
